Abstract-A molecular force sensing cassette (stFRET) was incorporated into actinin, filamin, and spectrin in vascular endothelial cells (BAECs) and into collagen-19 in Caenorhabditis elegans. To estimate the stress sensitivity of stFRET in solution, we used DNA springs. A 60-mer loop of single stranded DNA was covalently linked to the external cysteines of the donor and acceptor. When the complementary DNA was added it formed double stranded DNA with higher persistence length, stretching the linker and substantially reducing FRET efficiency. The probe stFRET detected constitutive stress in all cytoskeletal proteins tested, and in migrating cells the stress was greater at the leading edge than the trailing edge. The stress in actinin, filamin and spectrin could be reduced by releasing focal attachments from the substrate with trypsin. Inhibitors of actin polymerization produced a modest increase in stress on the three proteins suggesting they are mechanically in parallel. Local shear stress applied to the cell with a perfusion pipette showed gradients of stress leading from the site of perfusion. Transgenic C. elegans labeled in collagen-19 produced a behaviorally and anatomically normal animal with constitutive stress in the cuticle. Stretching the worm visibly stretched the probe in collagen showing that we can trace the distribution of mean tissue stress in specific molecules. stFRET is a general purpose dynamic sensor of mechanical stress that can be expressed intracellularly and extracellularly in isolated proteins, cells, tissues, organs and animals.
INTRODUCTION
There are three sources of energy for cells: chemical potential, electrical potential and mechanical potential. The first two have been well characterized but the third has not. Mechanical forces inside and outside of cells are pervasive, dynamic and distributed in three dimensions, but our understanding of these forces has been constrained by a lack of probes. Mechanical forces affect differentiation, 2, 16, 25 tumor cell proliferation and apoptosis 8 and cell locomotion. Most stresses in cells are born by the cytoskeleton where biochemistry and the physical forces of molecular crowding and stress sensitive bonds are inseparable. 46 With many crosslinked heterogeneous and anisotropic proteins, it is impossible to estimate internal stresses from macroscopic measurements. Single molecule force spectroscopy in vitro has shown that force applied to proteins produces distinctive changes in structure 6, 7, 15, 39 such as unfolding to expose cryptic sites that alter protein biochemistry. 12, 17, 29 However, if one extends basic mechanics to molecular structure, we have to be able translate the Poisson constant, for example, to compression in a stretched subcellular fiber (see ''Discussion'' section). To investigate the in vivo distribution of molecular stress in space and time we constructed a FRET based stress probe that could be expressed in specific proteins in living cells and animals. 28 The probe called stFRET consists of green fluorescence protein mutants (Cerulean as the donor and Venus as the acceptor 32, 38 ) linked by a stable 5 nm alpha-helix whose linear length is the characteristic Forster distance for the FRET pair (if one assumes random tumbling), and the most sensitive operating point for sensing strain. Our initial study characterized the probe and showed that it can be efficiently incorporated into structural proteins such as collagen-19, non-erythrocyte spectrin, a-actinin and filamin A without disrupting their normal distribution. 28 Spectrin, a-actinin and filamin A are actin crosslinking proteins that are known to participate in signaling pathways and can be unfolded or separated from their partners at physiological levels of stress. 11, 13, 42, 43 The spectrin repeat in spectrin and actinin melts at 40-45°C, close to homeotherm body temperatures, so the ''equilibrium'' structure is predicted to have large deviations with obvious relevance to spectrin and actinin pathophysiology. 24, 51 In vitro mechanics studies of spectrin family proteins have shown that the force-distance curve of helices has three phases: a linear Hooke's domain of about 10 pN/nm, a relatively flat region where the helix repeats unfold independently at much lower forces (25-35 pN) than beta sheet proteins, and a wormlike chain (WLC) region at higher forces. 37 How the molecular forces relate to the mean macroscopic forces was illustrated in a recent report showing that fluid shear stress can expose cryptic cysteines in spectrin within living cells. 17 Filamin A is a cytoskeleton protein that crosslinks orthogonal actin filaments 9, 33 and thus reinforcing the cell cortex. 9, 18 Atomic force microscopy (AFM) data of the filamin A IgG-fold domain shows that it reversibly unfolds with large forces, 50-220 pN. 13 However, the binding of actinin and filamin to actin, which have homologous actin binding domains, can rupture at similar forces (40-80 pN). 11 We genetically incorporated stFRET into a variety of cytoskeletal proteins in BAECs using acute transfection with chimeric constructs. To observe stresses in living animals in situ, we labeled collagen-19 45 in Caenorhabditis elegans. The cuticle is composed of crosslinked collagens and other proteins in a highly structured extra-cellular matrix that is the attachment structure for the body muscles and maintains tissue morphology. 19, 20 With stFRET probes in transgenic animals we could observe spatially varying constitutive strains that could be modified with external stress. Thus in vitro and in vivo data demonstrate that stFRET has sufficiently sensitivity to probe mechanical stresses in real time in living cells, tissues and animals and that there are gradients of stress that differ among crosslinking proteins and need not correspond to obvious histological markers of cell shape.
RESULTS

Robust Energy Transfer of stFRET and Its Sensitivity to Forces In Vitro
A FRET pair has maximal sensitivity to axial strain when the distance between the donor and acceptor is R 0. 32, 38 Since the FRET probe always has a 1:1 stoichiometry of donor to acceptor, we utilized the FRET ratio as a measure of probe strain and host stress. The FRET ratio is affected by the length of the linker and angle between the fluorophore dipoles, both of which can be altered by stress in the host protein. These changes are reversible. 37 The force sensitivity of stFRET was assessed in vitro using DNA springs as mechanical stimuli as illustrated in Fig. 1a . A 60-mer of single stranded (ss) DNA (>20 nm in unfolded length) was covalently linked to the cysteines at positions 48 of both donor and acceptor. Since ssDNA is a floppy polymer with a short (1 nm) persistence length it doesn't apply much force to the stFRET probe which if extended would have an end to end distance of~13 nm. However, double stranded (ds) DNA is much stiffer. Addition of complementary DNA that anneals to the 60-mer ssDNA (with a persistence length of 50 nm) corresponds to a 10-20 kT increase in free energy 49 that acts to stretch stFRET. For reference, the thermodynamic (melting) stability of a 100 amino acid protein is on the order of 10-20 kT. 35 Force from the DNA could be released either by digestion with nuclease or cutting the dsDNA with EcoRI. Agarose gels clearly showed the binding of the DNA to protein (Fig. 1b) since under UV illumination, purified stFRET protein is green while ethidium bromide stained DNA is orange. The DNA-protein complex emits yellow light and, as expected, the migration of the bound DNA was retarded.
stFRET has a strong emission peak at 525 nm with emission of the donor at 475 nm, a spectrum similar to an equimolar mixture of monomeric Cerulean and Venus (Fig. 1c) . Compared to pure stFRET protein in solution, the ssDNA linked protein showed a decreased FRET ratio: 2.7-1.7, and decreased donor quenching: 0.3-0.6 (Fig. 1d) . This result suggests that even ssDNA can apply some extension force to stFRET, probably as an entropy spring that happens to move the fluorophores to less favorable angles. However, after introducing complementary DNA, the FRET ratio dropped to~1 and the donor emission recovered to 0.8. For comparison, dilute equimolar Cerulean and Venus monomers in solution have a FRET ratio of~0.3. 28 Five minutes of nuclease digestion of the bound DNA at room temperature restored the FRET efficiency of stFRET to that of the unliganded protein. Similar behavior occurred after dsDNA was digested by EcoRI. Nuclease and EcoRI alone had no effect on native stFRET protein fluorescence (Figs. 1c, 1d ).
stFRET Detects Constitutive Strain in Cytoskeletal Proteins
We incorporated stFRET into three cytoskeletal proteins (actinin, spectrin and filamin) that are known to bundle actin fibers. stFRET was inserted at the locations shown in Figs. 2a-2c. We have found that probe locations near the middle of the host and away from known sites of interaction tends to leave the protein distribution unaltered. 28 The FRET ratio dynamic range needs to be calibrated for each optical system because of differences in the optics and notably the filters. The dynamic range of the FRET ratio in the microscope was determined using the isolated stFRET protein in solution and then cleaving the linker with trypsin (that does not affect the fluorophores 28 ) to approximate the maximum and minimum values (Fig. 2d) . The ratio ranged from 5.5 for the intact probe to 0.5 for the cleaved one. We obtained another estimate of the minimum FRET value by coexpressing Cerulean and Venus monomers in BAECs at a 1:1 DNA ratio at concentrations that corresponded to effectively infinite separation, and we obtained a mean ratio of 0.5. Surprisingly, the monomers showed some nuclear accumulation, but the FRET ratios (averaging <1), remained spatially invariant showing the in vivo results were not concentration dependent (Fig. 2e) .
All three cytoskeleton proteins reported spatial variations in FRET often localized to specific subcellular domains (Figs. 2a, 2c) . The mean FRET ratios, averaged across each cell, had constitutive values of 1-3 (Fig. 2d) . Spectrin had the lowest ratio (highest constitutive stress) and also showed punctuate patterns throughout the cell (supporting Fig. S1 ). In contrast, actinin and filamin localized along actin tracks. We tested the strength of binding to actin by solublizing the cell with TritonX-100 that leaves much of the cytoskeleton intact creating ''cell ghosts''. Consistent with a tight actin association of actinin and filamin, these proteins remained in the ghosts but the more loosely bound spectrin washed away. In ghosts, actinin and filamin retained the stressed FRET ratio of untreated cells. We observed consistent spatial variations in local stress. For example, the perinuclear region displayed lower FRET ratios corresponding to higher stress (''*'' in Figs. 2a-2c-probabbly endoplasmic reticulum and Golgi). In subconfluent cultures with migrating cells, filamin and spectrin showed gradients of stress with higher stress (lower FRET) toward the leading edge and lower stress toward the lagging side consistent with observations in fibroblasts. As expected, internal tension decreased with deceased adhesion of the cells to the substrate. Rounded cells separating from the substrate showed relatively uniform protein distribution and FRET ratios (Fig. 3a, detached) while adherent cells show a mosaic of stress gradients (Fig. 3a, attached) . The spontaneously rounded cells may have been undergoing mitosis and we are currently examining how stresses vary during cell division. In fully detached cells, the FRET ratio was significantly higher (less tension) in all three proteins (Fig. 3b) . To test whether adhesion itself was necessary for creating internal stress, we deliberately loosened the cells from the coverslip with dilute trypsin (Fig. 3a, trypsinized) . All three constructs showed increased FRET ratios, with filamin being the most strongly affected, and the protein distribution throughout the cell became uniform. To explore the role of f-actin we disrupted it with actin inhibitors expecting that this would relieve stress on the three proteins. However, the FRET ratio for all three proteins rapidly decreased by 6-8% ( Fig. 3c ) suggesting that the labeled proteins are mechanically not in series with actin and probably have a normal component.
Since cell adherence to the substrate effects cell shape we monitored the lateral cell area at the level of the coverslip (Fig. S2) . Even in the absence of drugs, cells showed a weak contraction over the first hour upon removal from the incubator and placed in normal saline at RT. When exposed to actin inhibitors, the cells did not round up like the trypsinized cells (videos in Figs. S2A-S2C), though actinin labeled cells showed a bit more sensitivity than controls of filamin and spectrin labeled cells (Fig. S2D ). Cells washed with new saline at this time point were completely unaffected, and cells treated with saline plus 2.5% DMSO (vehicle) produced a very small 1.5% decrease. Again, this shows that the cytoskeleton is heterogeneous in both structure and mechanics.
Dynamic FRET During Acute Mechanical Stimulation of BAECs
We applied 500 ms pulses of shear stress from a micron diameter pipette driven with a pressure clamp 4 ( Fig. 4 and supporting Video S3). From numerical simulations (COMSOL software) we estimated the shear force to be 20-40 dyn/cm 2 , similar to in vivo shear stresses experienced by endothelial cells. All constructs showed sensitivity to shear, but the FRET changes were variable in intensity and time (see ''Discussion'' section) and hence hard to quantify. Figure 4a shows a ''typical'' result from a spectrin labeled cell where we perfused orthogonally to a narrow region of a cell. We measured the FRET ratio in four regions of interest (ROI) from the upstream to the downstream side of the cell as it flexed under the flow. Using an ImageJ macro the ROIs dynamically tracked the motion of the upstream and the downstream edges of the cell. In all ROIs the FRET ratio decreased with shear stress suggesting an increase in local tension, but the magnitude depended on the position of the probe with respect to the direction of flow. Repeated shear pulses showed a slow (5-10 s) adaptation in all ROIs with more tension at the upstream side and less at the downstream side for both single sweeps (Fig. 4b ) and the averaged response (Fig. 4c ). This adaptation corresponded to significant cell stiffening with the cell movement decreasing for the same shear stress (Fig. 4b) . In the ROI at the leading edge, the first shear pulse produced a relatively large~50% decrease in the FRET ratio (black trace Fig. 4b ) that attenuated tõ 20% by step number 12. At the trailing edge there was an initial 25% decrease that attenuated to <5%. (This attenuation was too rapid to be caused by photobleaching, s Venus =~60 s, see Fig. S4.) stFRET Reveals Collagen Stress in Response to External Stress in Living C. elegans
Transgenic worm lines were developed expressing stFRET inserted into collagen-19 at three positions (C1-C3) as illustrated in Fig. 5a . We tested the effects of transfection by starting with collagen terminally tagged with GFP. This showed the common striated fluorescence distribution pattern and three central seam lines along the alae (Fig. 5b, panel collagen-GFP) . We observed a similar collagen distribution pattern only in worm line C3 (Fig. 5b) where stFRET was incorporated between two Gly-X-Y domain and in front of second cysteine cluster domain. Apparently, the other two locations affected the targeting and assembly of collagen-19 although it clearly was nonfatal. Constitutive stresses were apparent, but it was hard to make the measurement in moving worms especially in structures only a few microns wide such as the annuli rings. To obtain better images of the collagen distribution in the cuticle C3 worms were solubilized with detergent using three separate techniques (supporting Fig. S5 ). SDS detergent formed the cleanest preparation and we could see stress that varied with location especially about the annuli, alae and mouth (supporting Fig. S6 ). The largest variations in constitutive stress were observed near the mouth, and along the annuli where we observed a ribbed pattern in the FRET ratio. Stress is clearly not homogenous within specific locations at the light microscope resolution.
Live transgenic worms in the microscope moved rapidly to avoid the illumination making it difficult analyze the dynamic changes in stress. To immobilize the worm we held it with two suction pipette positioned with manipulators and focused the microscope on the portion of the worm held by a fixed manipulator. We observed significant constitutive strain in the cuticle at the constricted region near the pipette tip due to compression. To observe the effects of external stress on collagen-19, we pulled the other end of the worm with a mobile manipulator (Fig. 5c ). To quantitate the effect we placed two ROIs on either side of the worm near the fixed pipette restriction and pulled the worm down and sideways parallel to the chamber bottom (supporting Video S7 shows the dynamic response). We tracked the edge of the worm using mobile ROIs as described above. Figure 5d shows that both ROIs had a significant decrease in the FRET ratio with stretch (increased tension in collagen). The responses on the two sides were asymmetric due to asymmetries in the worm, the opening of the fixed pipette tip shape and the pulling motions (Fig. 5c ).
DISCUSSION
Our attempts to obtain a rough force calibration of the probe using DNA springs were successful in that we could readily resolve the forces due to a change in persistence length. What is that force? The experiments and analysis by Zocchia's group suggest that they are in the range of 5-7 pN. 36 When the bending of the DNA is relatively small, it can be well approximated by the mechanics of bending an elastic rod. However, stress from high curvature at length scales below the accepted persistence length for ds-DNA, can cause a kink in the DNA to form and thus limits the force. 36, 50 There is no force/distance data available for the linker that we used, but single molecule force spectroscopy of helices from spectrin 37 and myosin 41 show a constant compliance up to~40 pN. More precise calibrations of stFRET will require varying the length of the ss and complementary DNA and a better theory of DNA bending at these short length scales. Zocchi's group has shown that stresses seem to be distributed over the host protein, 48 but we should point out that the DNA is not attached at the C and N termini where the host protein is attached, but at the cysteines of GFPs. These different geometries could produce somewhat different values of R 0 due to the geometric factor of j 2 . 28 However, the primary utility of these probes is to measure gradients of stress at the resolution of the light microscope, so that this means averaging the effects over a voxel volume. This will include many molecules that could be at different regions of the force distance curve, 37 fibers containing bilabeled peptides, monolabeled peptides or unlabeled peptides that are in parallel with the labeled ones since we did not suppress the endogenous gene expression. The data could also include crosslinkers that dissociated from actin and are averaged over the exposure time and over the voxel volume. Molecular erythroid spectrin tetramers can dissociate under shear stress at their dimer-dimer interaction ends.
1 Filamin binding to actin can be ruptured at forces similar to the stress required to unfold its Ig-like subdomains. 11 The adaptation effects we observed with repetitive shear stress with BAECs were possibly due to reforming of the cytoskeleton with new links, stabilization of some existing links, or both. But to visualize stress gradients at optical resolution, we do not need to know the absolute stress on a given molecule. In the long run, making a more homogenous population by suppressing expression of the wild type gene with iRNAs could lead to an improved signal to noise ratio.
The proteins we have chosen to label are hopefully representative of the fibrous proteins in and around cells. Actinin and filamin are actin bundling agents that are recruited to focal adhesion complexes and stress fibers. While actinin primarily acts to crosslink fibers that run in parallel longitudinally in stress fibers, filamin appears to crosslink actin fibers that are crossing. 11, 14 Spectrin is a crosslinking protein that primarily resides in the cortical cytoskeleton and acts as a scaffolding protein for membrane complexes, e.g., it links cell-cell junctions to perijunctional actin band in endothelial cells. 3 Collagen is the most common protein in animals 22 and our successful expression of an extracellular protein with the stFRET probe suggests that it, and related probes, will be extremely useful in understanding the mechanical function of the extracellular matrix and the glycocalyx.
We found that stFRET was least disruptive to normal protein distributions of all four host proteins when positioned centrally in the host. Collagen-19 was especially sensitive possibly due to the two cysteine clusters located at the C and N-terminals that form disulfide bridges between collagen monomers in the extracellular matrix. 30 All four protein constructs had constitutive FRET values within the dynamic range determined from the free stFRET probe in solution (pulled tightly together by the linker) and the cleaved dimers (effectively infinitely apart). The distribution of FRET values within a single cell or organism differed by as much as 50% showing the presence of constitutive spatial and temporal stress gradients, features that are not currently visible through cell morphology. Since most filamentous proteins cannot be compressed due to buckling, prestressing these elements reflects not only mechanical reinforcement but provides for high speed (m/s) signal processing since viscosity effects are minimized. 31 The detergent solubilization of worm cuticles showed that there is constitutive stress even in these nonliving demembranated preparations (supporting Fig. S6) .
Much of the internal stresses in cells are reaction forces applied to adhesion plaques. These constitutive stresses could be mostly relieved by detachment of the cell from the substrate as evidenced by the rather uniform FRET in rounded cells. Stress applied to the plaques is generated mostly by actin and is sensitive to actin reagents, 47 however our data shows that the crosslinking proteins showed a modest but rapid increase in stress with the actin inhibitors. The stress increase could have several origins. The actin reagents are effective only on cycling actin 21 and cortical actin has a slow turnover 23 so that release of stress for deeper actin and other linked cytoskeletal proteins would be transferred to the cell cortex that is still intact. Furthermore, actinin and filamin will produce tension in an actin network simply from crosslinking 10,40 which again could be redistributed upon treatment with actin inhibitors. Also, some actin assembly is known to occur in the presence of latrunculin due to resistant actin oligomers. 34 In this regard, we noted that that while treated cells showed an overall decrease in contact area with the glass, there were still incidences of filipodial extension (see actinin video in Fig. S2C ). Finally, if the regions of crosslinker binding are not broken down, the Poisson effect (stretched things getting thinner) will tend to stretch cross linkers as tension is removed in the primary filaments.
Mechanically induced strains from fluid shear on BAECs showed that the stFRET can dynamically report gradients of stress distributed differently over complex cell shapes. Quantitative analysis of these stresses remains a difficult analysis problem, but in our first order analysis of the initial shear pulse we saw a >50% increase in tension at the upstream edge and 20% increase at the downstream side. The FRET response was viscoelastic (time dependent) and showed slow adaptation as expected for cytoskeletal networks 26, 44 that correlated with changes in cell stiffness. The experiments on C. elegans showed that stFRET can be used to examine micromechanics in situ. We have begun extending these transgenic studies to mice where insertion of the labeled actinin has no effect on behavior or development or reproduction. These preparations will allow us to study the stress in different organs and tissues such as the heart and bone in a variety of normal and pathological states. As we have shown, we can detect internal stress in specific proteins from the application of external stresses to the animal with a time resolution <10 ms.
stFRET is providing data on processes that were heretofore invisible. How can the probe be improved? An ideal probe would have the compliance of the host protein so that the physical behavior of the host is not compromised. We have done this recently by replacing the a-helix linker in stFRET with the spectrin repeat. Ideally we would like a higher contrast probe. However, for linkers with a linear compliance, the effective contrast with stress is limited by thermal energy that will cause the probe to change conformation in the same manner as an applied force. If the probe is operating in a nonlinear portion of the force-distance relationship as occurs with single molecule unfolding, we should be able to increase contrast at the expense of sacrificing linearity. And finally, as with nearly all fluorescent probes, increased photostability is a persistent and unmet goal.
MATERIALS AND METHODS
Gene Construction and Protein Purification
pEYFP-C1 Venus and pECFP-C1 Cerulean plasmids are generous gifts from Dr. David W. Piston. 38 stFRET gene construction is as described in our previous publication. 28 To purify the protein, stFRET gene was sub-cloned into prokaryotic expression vector pET-52b(+) (Novagen, Gibbstown, NJ, USA) using BamHI and NotI restriction sites which were introduced into stFRET DNA fragment by primers: 5¢-GCTTCAGCTGGGATCCGGTGGTATGGTGAG CAAGG-3¢; 5¢-CCAGATCGCGGCCGCTTAGTGGT GATGATGGTGGTGATGATGCTTGTACAGCTCG TCC-3¢. Following 8-histidine tag TAA stop codon was inserted in front of NotI site to make sure that His-tag located in C-terminal and well-exposed to solution.
To create chimeric gene constructs of filamin A, alpha actinin, non-erythrocytic spectrin and collagen, we subcloned collagen gene into Pinpoint Xa-3 vector and filamin, actinin, spectrin genes into pEYFP-C1 vector where YFP gene was removed beforehand. The followings are primers used and restriction enzyme sites introduced into PCR products for subcloning: Collagen, sense, 5¢-CAGCTTGGCTGCAGCATTT GAAAATTTGCACCAATG-3¢ with PstI, anti-sense 5¢-AGTGCACCATATGCAGTACCCCTCATATCA CTC-3¢ with NdeI; Actinin, sense, 5¢-CAGATCCGC TAGCATGGACCATTATGATTCTCAGCAAACC-3¢ with NheI, anti-sense, 5¢-GATCCCGGGCCCGCGG TACCTTAGAGGTCACTCTCGCCGTAC-3¢ with KpnI; Filamin A, sense, 5¢-GTGTATCATATGCC AAGTACGCCCCCTATTGACG-3¢ with NheI, antisense, 5¢-GAAGCTTGAGCTCTTAGGGCACCACA ACGC-3¢ with SacI; Spectrin, sense, 5¢-GCTAGCGC TACCGGTATGGACCCAAGTGGGG-3¢ with AgeI, anti-sense, 5¢-GGGCCCGCGGTACCGTTCACGAA AAGCGAGC-3¢ with KpnI. stFRET were inserted at three locations on collagen: 1, N-terminal at amino acid position 9 by BamHI and NotI restriction sites; 2, C-terminal at position 131 by HindIII and NotI; 3, In the middle of collagen, position 71 by HindIII and NotI. Actinin was targeted by stFRET at position 300 with AgeI and NotI, between spectrin repeat domain one and two. Spectrin was targeted at position 1300 between spectrin repeat domain eleven and twelve with SacII and NotI. Filamin hosted stFRET at position 1000, between IgG fold domain eight and nine with AgeI and NotI. All restriction enzyme sites were introduced into the host proteins by site-directed mutagenesis kit from Stratagene (La Jolla, CA, USA) with the original amino acids unchanged. Corresponding restriction sites for stFRET insertion were added by PCR. All chimeric construct sequences were confirmed by sequencing at Roswell-Park Cancer institute (Buffalo, NY, USA).
Protein-DNA Complex Synthesis and In Vitro DNA Stretching
A 60-mer DNA, [AminoC6]GAGTGTGGAGCC TAGACCGTGAATTCCTGGCAGTGGTGCGACC GACGTGGAGCCTCCCTC[AmC7Q], and the complementary strand were purchased from Operon (Huntsville, AL, USA). The oligo had amino modifications on both ends and an EcoRI cleavage site was introduced in the middle of the sequence that was selected from a previously study. 49 Fifteen nmol of DNA were incubated with 300 nmol heterobifunctional crosslinker SMPB (succinimidyl 4-[p-maleimidophenyl] butyrate) (Pierce, Rockford, IL) in 20 lL conjugation buffer (100 mM sodium phosphate, 150 mM NaCl and 1 mM EDTA at PH 7.5) for 2 h at room temperature. The amino groups of the DNA reacted with the NHSester group of the crosslinker. The reaction mixture was passed twice through protein desalting spin columns (Pierce, Rockford, IL) to remove excess uncoupled crosslinkers. The DNA-crosslinker construct was then incubated with 1.5 nanomol purified stFRET protein in conjugation buffer with total volume 50 lL. The donor and acceptor of stFRET have two free sulfhydryls from cysteines 48 and 70. The 70 position is inside the b-barrel and thus inaccessible, and the 48 position is only partially exposed to solution. To accelerate the reaction of the maleimides with the DNA-crosslinker construct at sulfhydryls at the 48 position, we incubated the mixture at 37°C for 30 min. Since DNA does not interfere with the FRET measurements, no further purification was necessary. To stretch stFRET, fifteen nanomols of complementary DNA were added to the protein-single strand DNA complex. The solution was left at room temperature overnight to complete the annealing. FRET measurements with the different DNAs attached were performed with a fluorescence spectrometer (AmincoBowman Ò series 2 luminescence spectrometer). We have used the FRET ratio as the energy transfer index: FRET Ratio = (I A À I Dbt )/I D , where I A is the peak acceptor emission signal of stFRET, I D is the peak donor emission signal and I Dbt is the signal in the acceptor channel due to donor signal bleed-through.
FRET Ratio Calculation and In Vitro Measurements
For the DNA stretching FRET measurements we used a fluorescence spectrometer (Aminco-Bowman Ò series 2 luminescence spectrometer). All purified proteins were exchanged into 10 mM Tris-HCl buffer before further processing. The measurement was performed at room temperature with 200 lL of 10 lM protein. The spectrometer was set to: 4 nm bandpass, 1 nm step size, and 450-550 nm emission scan range for stFRET. Excitation wavelength was set at 433 nm. We have used the FRET ratio as the energy transfer index: FRET Ratio = (I A À I Dbt )/I D , where I A is the peak acceptor emission signal of stFRET, I D is the peak donor emission signal and I Dbt is the signal in the acceptor channel due to donor signal bleedthrough. All signals were recorded with 433 nm excitation. Because peak values from the spectrograms were used, the ratios are not directly comparable to the ratios obtained from the microscope.
Cell Culture Transfection and C. elegans DNA Transformation BAEC cells were cultured in Dulbecco's Modified Eagle Medium (GIBCO Ò Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and antibiotics. Cells were spread on 35 mm coverslips and allowed to grow for 24 h. Fugene 6 (Roche) was used to deliver 2.0 lg/coverslip of plasmid DNA to the cells. 24-36 h after transfection, the cells displaying moderate fluorescence were selected for observation. Highly expressing cells were avoided as they often showed bright spots that were apparently aggregates. The C. elegans germline transformations were performed as previously described. 27 Strain pha-1 was maintained at 15°C. Chimeric collagen-stFRET constructs were mixed with rescue plasmid (PBX-1) 1:1, 25 ng/lL, and injected into worm gonads by a standard microinjection procedure. 27 Recovered worms were transferred to new dishes at 15°C for 24 h, then F1 progenies were transferred to 25°C for selection. After the surviving worms became adults, they were screened under a fluorescence microscope and fluorescent worms chosen for further investigation. Transgenic worms were maintained by a standard procedure in the lab and then frozen in freezing buffer (100 mM NaCl, 50 mM KPO 4 , 30% glycerol, 300 lM MgSO 4 ) at À80°C for 24 h then transferred to liquid nitrogen for permanent storage.
In Vivo FRET Measurements on BAECs and C. elegans
Cells transiently expressing the chimeric proteins were observed at room temperature in normal saline (140 mM NaCl; 10 mM HEPES pH 7.3; 5 mM KCl; 2 mM CaCl 2 ; 0.5 mM MgCl 2 ; 5 mM glucose) with 639 oil immersion Plan-Apochromat objective on both Axio observer A1 and Z1 microscopes (Carl Zeiss). The Z1 microscope was equipped with Definite Focus Z-axis controller and controlled by lManager v1.3 software (Vale Lab, University of California San Francisco, http://www.micro-manager.org/index.php). We used 436 nm excitation (D436/20 filter, Chroma Technology, VT) from a mercury arc lamp controlled by a Lambda 10-2 shutter/filter wheel (Suttter Instruments, CA, USA). Cells were imaged with an iXon DVC887 cooled back-illuminated CCD camera (Andor, CT, USA). Donor and acceptor channels were split by a Dual-View equipped with OI-04-EM 505dcxr D465/30m D535/30m splitter (Mag Biosystems). FRET ratio images were calculated as described in the in vitro DNA stretching analysis, except that the intensities derived from the microscope are of wider bandwidth. All dynamic studies were corrected for photobleaching by using the rate of bleach in control cells/worms that were not stimulated or treated. Images from trypsin treated BAECs were obtained after 15 min trypsinization at room temperature (2.5% trypsin, 1 mM EDTA in HEPES buffer). Actin disassembly was induced with 30 lM cytochalasin-D and 20 lM latrunculin in normal saline + 2.5% DMSO. Stretching with solution flow over the BAECs was produced with pressure applied to a~4 lm pipette tip placed~10 lm away from the cell. Pressure steps were produced from an HSPC-1 pressure clamp (ALA Scientific Instruments, NY, USA) controlled by pClamp 9.0 software (Molecular Devices, Sunnyvale, CA, USA). Shear force was estimated using fluorescent microspheres imaged at 250 frames/s as they exited the pipette tip, and entering the velocity data into a COMSOL numerical simulations that modeled shear flow over a surface 20 lm away from a 4 lm exit port. Images were processed using ImageJ (http://rsb.info. nih.gov/ij) software and Origin 7.0 was used for data analysis and plotting. Since mechanical stimuli produce spatiotemporal changes to structural elements within a cell, the stressed region will move with time effecting the measurement. To compensate for this motion we developed a plugin for ImageJ called Measure-Track (http://rsb.info.nih.gov/ij/plugins/measuretrack/index.html) that measures the motion of a fiducial marker in the X-Y plane and applies this motion to a nearby region of interest (ROI). This allows an ROI to track moving objects in video data (courtesy C. Nicolai, SUNYAB).
Caenorhabditis elegans worms expressing stFRETcollagen-19 were grown on Nematode Growth Medium plates. 5 Worm cuticles were prepared by first sonicating worms 5 times with 20 s bursts in 10 mM Tris pH 7.4, 1 mM EDTA, 1 mM PMSF followed by 2 washes and detergent extraction. Three detergent extraction methods tested included 2.5 h in 1% SDS, 2 h in 1% Triton-X100 and 2 h in 1% NP-40.
Live worms were restrained by grabbing the head and tail with two suction pipettes held in micromanipulators (see Fig. 5c ). This allowed us to focus on the stationary end, keeping it in focus while we stretched the worm by pulling the other end.
Statistics
Statistical differences between mean measurements were determined using an independent two sample t test set at the 0.05 significance level. All errors on averaged data are standard errors of the mean.
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